High-Q Fano resonances via direct excitation of an antisymmetric dark mode by Bochkova, Elena et al.
HAL Id: hal-02336177
https://hal.archives-ouvertes.fr/hal-02336177
Submitted on 28 Oct 2019
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
High-Q Fano resonances via direct excitation of an
antisymmetric dark mode
Elena Bochkova, Song Han, André de Lustrac, Ranjan Singh, Shah Nawaz
Burokur, Anatole Lupu
To cite this version:
Elena Bochkova, Song Han, André de Lustrac, Ranjan Singh, Shah Nawaz Burokur, et al.. High-Q
Fano resonances via direct excitation of an antisymmetric dark mode. Optics Letters, Optical Society
of America, 2018, 43 (16), pp.3818. ￿10.1364/OL.43.003818￿. ￿hal-02336177￿
 	

	
	 	


   	 
  ! "#$% & #'() * %+( #$#,(-%.&#'
%/ 0* ( !* (#1+ * 2* $#3

	 
	 
	



	  
 !"# 
$
%



&'
())'

* 
+ 

	

,

)
-././
)

.
 0
	 
 !"12(
%


!
03* 30
	
% !"12(
%


4)
5

)6 )

'
	
	
	

	

 	



  	
 	

    

		 

 	    	 
	  		  
	 
	 	
  	 	 
 	
 	 	 	  

	  	    
   
 	  
	 	  	 	 

 
	 	 	  
	 	  	
  

	 			
	 
   	  	
	 			  	   
	
	
	

	

 	
 7-". 89 * 
+ 

: 7 "#8##9 

)
;
: 7.#"!""9 * < 
: 7-""9 3+ 

)


 ! "#$%&''!'''''
 	
 	  

  !
	 	  !
 ! 
"       

	
   
	 !
 
 

	

	
#$%
&

&	! '()
"
!

  
	!*+,'-(.)	


'/(0)1
 		!!
!

 &
"&
	!	
	

	
(	!
 	
 	 
 
		  " "



		!	 
2
	
	

	   	 	 '345)6 

 !
 ! 

	"47		
	 "	&'4
)6



		4"
 	!
 !
	
	'-4/)1
8
 	!	 

   	 	  ! 	!

	
(	!

	


!

 "	!!
 !
					

	
	 
	
 
    
	 
 
	   
		
  	 	1 *!

"
	
	
 
!	
!
 !
		
!
		!9	!

	
	
	
		!	

	"	&	!	&	

'0)1
*! 	
 ! 	  	! " 
 	

	
	
 
		"
 
 	
 
 	  	
    
	

"
 !	(&
	!"
		"
 	

 	

	
 	!
   	 :  '3((0(3)1 *! 
!"

,	
 
 " 	! 	  4
 
 
"	& 	 	  	 	! 9
		
 
	
	
	 
 	!


	 	!
1 *! 
	
 
		 " 
	 
	
	
 
 
 	  ( 
  	! 	 	!

    & 	 	
 

	 ;$* &
& 

 	! "	
 "1
%
	   	 
	  		
 "  ! 
!(	!

	!		! 

 	!	
	

 	
  !"

,	
 	! ! 


  
  	
 
	 "	&

		
  	 	1 <  	! 	
 !	
	  	! 
	
  	 	 "
	
! 
 &!

 	!	
 
!				 	
 	

	!*+,
	

1
 
		 
	 	!	 ! " 
 
 	!	
	! 
	 ":
  	!	  	! 
"

	  	!
9
		
  	
	
  
 	  " 
!"

,	
1 $	 
 	! 	!   	! 
	
	  	!  !	  	!
	 '4)1 $ ! 
		
 
	 
 	 	 &
&!	! 
	 
 
" 	 " 	! !"

,	
 	 "


 !

	9
		
	!	
	

1
*	!

	!
		&	&"=	
2

		
  
	 	
	
  9
		

!
 

 "	! !
 ! 		  
	 	
   

"
  
 	!	 

	
 	!":
 	! 
	

 
 " 	 
  !
 ! 
	
	!		
	

	
1
* ! 	! "=	
(& 
 	4
	4
	$"
4	
 	



&

	



 >4! 	 
	 
  	


 	  	! 	& 
   
	
"		1 *!
!	
	!
$4>4
	
	

 
 1 1 *! 
	
 "		 
		

	 ε?1(
	 	
 	δ?15	!
:!?1.1
	 !
 
	


,	!"	&
	!   &  
 	 	  	!
 	 	 !"

,	
 	! !  


 1 	! 	  
 	!	  
 
" 	 

	
 "		 "	
  
 	! 8+, 

  	 

		 	! "	
  !
 ! 
		 	 
 	
 
	
( &!
! 
9	 	 
  	 !	 	 
     ": 
 
	! 
	1
*! $4>4 	  & 

	 " 
  	! 

	 	 	! ;
9&@ 	
   !
 !  		

	+
"AB'-)1*!	


 	  	!  

	  & 


	   	! 949
1 *! 
	  94
,	

	

	


	
!&

 1"1
:   	 &
	! 	
 9
 	
?158+,

	 ?-158+, " "1
A		!	
				
 	
	 	"  	":
 '345)(!
	! "   
 "	
 
  	 

	
 	 	 &!  
 
 
"	&	!
	 1



 11;	

>4!	4	
	
 6
"A

	
	


	

!
(	
1
*9
	!
 
	!
 
	



 !	 	 !   :  	! 
		 ! 

	
"	
	158+,(&!
!
!&

 11

	"(	!$4>4
"(
	!	


	 	!949



 


,	
 	 7991 +&( "  	! >4
!	4	 		
! 	

	 	!49
(
 	!	

,	

	79 
 	 	!
		
9	
	

1


		

"	!&$4
>4"("	4
,	
	79

&
	
	!
	
	
&
	!		791$	

 	 " 	!	 	! 	& 
	 
	 

,	
	7979	!&
$4>4 
( 	
(   	
	

	!	

	9
	"	!9	
1*!"
	 	! 
	"
 !		

799799	
	
:79
791



 1 1  $		 !  
	
"	
 
  	
  9
 	
 	 158+,1 %
	
 


	 
 	
 	  	 	

,	


	"&6"!	
"
4>4
 
	  
  &
	! 	
 
  	


	1
*!  
  	!	
	
	 	!
9	
"		! !	! 

 	!

		
>4!	4	1*!	

  
,	
 	  	 
  

   	
	
  	 	! 9	 
 
	

	!
		1*!
"
!
 	! !   !   	! >4! 	
 	(&!
!
	

 	! 	!>4	
!
,	 (  
		 
 
 1 "1 C  
 "
ρ?∆D9ED9	!	
	!!
,	 	!
	
∆D9
&
	!		
	
D9?1/1$	
		!	
"	&	!!
,		!
&
$4>41



 1-1 F4
,	
 	
	 
	

 	
1"B
,	
	

	

 	
1
*! 	   
	  4
,
	
 	  	!"
4 	

$4>4
	
	
 	
ρ!&

 1
-1 *! !
	 	& & 
  	! :
 
 	! 	  
  	 	! 

 	!  	! >4! 	1 *! 	
  4

,	
 	 	 	 	! 
  	! !
,	
 	!		
	



	 	1  
	( 	! 
	 G 	  H 

 >	-1(&!
3/H G	
!
 !
31*!
	

				!!		!

			!	
	
:(&!
!
" 
 " 
 4
,	
 	
 	
!&

 1-"1
	
	!3/H 
 
	
 
 $4>4( 	! 
	
	  4
, ":
		 & !  	 100( 
11 010H   	! 		


	 	 	
 & 
	
	1 A	 	!	 
	4
,&
	
	
		

	! & 
	
1 <  	! 		 4

, 		 
	
	 
 	&
 !
 ! !
 

 	1H 1*!	!	4

,	

					!	!		!
	! 
	
 
":1
	!
	!":
 	! 
	
" "	
" 

 	
 
	
 
	!		 
1#	!
 H 3/H 

  	
 
 

 1.."(
	
1 *! 	
 
	
 
	 

	
   	! 	
 	 	!  
 	

	 	
"	
  	 	! 4
   	!
	 '.4)1 *! 		 		
  

	
"	
	
( 	
	

(	

 	
'0(3)1



 1 .1 F  B 
,	
    
 	 	!


	
		
 
	
		
	1
H 	
$4>46"3/H 	
$4>41

 		
	
		
		!
"
4 	

 $4>4 

	 "  
&&
	!	


		 949
(	!	 	
	
"	
 	 
	
 
 
 " 	! 	
 
(
	

	94	("	!3/H 
 
	
 		1 +&( 	! 4
, 		

	
	 	!	 
  	! 	
"	
  4
,
!
 !  	 
 
	 
		 
 	!   3/H 

  	
 $4>4 ≈0H1 *! 	
!	 	!
,	
		
  	 

	!


	


"1*!	


	
		! "
 	&
	!	!
	4
,	
4
!&

 1-"1
*
	 	!
  	(		"
4
$4>4&
	!	

 	

	
& "
	 
  
 
	 

	 "
	! 1;!	
-/×-/
	
   ×   
	
 "		1 *! 	

	 	!"			! 	



  	! 9
	 
	
  	!   	!
 
 
 
	
1 
& 	


	"	!9
		
"

'5)
!
!"
  
	3;
	&: ,  	& '4 8+,) &
" !
	17!
 
,	


	

"
 	!	!
 	!1

	""

 1/(	


!	
	
	!
	$4>4
 !&
 
		
  	&
	! 	!
	
 	1*!

	
 
	!		
" "47	 
	 
 	! 4	 
	
	"	!

		!	1
 &  
   9
	 	 	!

	 	    
&
	! 	! 
	
 ρ1 *! G 	     
	

$4>4&
	!3/H 
 	
	
0	!		
	
	
	

	0H 1
 	 
	
 	 	! & G 	 

	
	 
	
 		 
  	 	! 	 	
"	
  	!	  	 	: 
	 	 
 	!

1*!	!
	
	 	 	! 
   	
 
 	" 	!
		
  	!  
	 	 " 1
  	 
!  	! 
  	  	!
	
	
 :  " 	! 9	 
 "
"&	!	
 	1*!


&!	
"

 	!&

 1-&!
ρ?H 1



 1 /1 *

 
	
	  "
4 $4>4 &
	!
	

 	

	1
 	6
";9
		1
*!

 $4>4"
	
	

	!*+,	

1*!
 *+,

 $4>4 
"


 	 	!	 !& 

 1
"1*!
	
,


	!
5×5I(
	!9			

>	
×I1*!&
	!
 >   	 	 
 /I  	!
 	!
: 

1/I1*!&
$4>4	
"I	!
:+G &
	! 	
 
9?1./I1
 	
 
9 ?1./  	!   "		 &

  	! 	! 
 
		
  !
		1*!

	!


1+

 	*+,		&
	!H /H 
	
  
 
 
 1 0  0"( 	
1 *!

			
	!!4&
	!
	!"	
	 	-10	-15
&! 	!  	
 
 
  H  	 /H 1 *!
"	
 	 
 	!   	! 

!
		
	
		!*+,
1



 101
 	H *+,
$4>46
"
 	/H *+,
$4>41

$ 
( & 		 
 
9
	 	! 
"

	  	! 
,	
  !
 !
		  G4	    	! ! 
	
9
		
	
	
:" 	!9	 
1
*! 	   !	
 
 	 
 	! 
	 
!"

,	
	! !

 1*!"	

	"
 !&	!	
	

 	 	 	! ": 
  	! 
	 
 
	

	!"

,	
!
1


(


  ()
*+,-. /01(2 
	
2 3
4356 $  7 $ '8!!'
8 9:;)(3<;;;3	
2 
3
435'""5#7""#$8!  
" =1%>?(*;(. 
=?9=34

@ A% ; #" 6B#7 6'58!!B
$ (@ ,
97+&,
@ @ 4. /
@ A9)4& !5 6 6  ! 8! $
5 *0%=1	9,(+
6#'6B8! "
# 9(=	
	,;	*

*

5$ 65C B!8! $
6 :91

	
(&)
+). /
+A)4&'' $6$! 8!!6
B (A90
D@ 	&A)4
& ! !$6$! 8!!B
' +&&&3@ =-E	13
)F?0 +	B65B8!!'
 ! 9. ?0+
& !$"'$C$"'B8! !
   9. ?0&)

68 $ 7
 #'8! "
 8 --<,?@ 9)4& !885  !B
8! "
 " +:1&
GH73<)7
. IH
:4/
&&=(GH70+
&
 $58"8878"8'8! $
 $ (+*
/9&9&)4*' 
!"5 !$8! 5
 5 ;*
/
(+*
/9&9&%
&$ 8$ 87$ 58! #
 # @ ,
(997+	?9=34
@ 
A%&"6""##7""#B8! 8
 6 *&/J4/+A(9	+=?)
+
?0 3,,
+	'6!68! !
 B =@ )4&'685"'! 8!!#
 ' %	1	

10
HH=	(H)4
96#!$"B"$8!!6
8! ,1
&+
0	
)4*BB
 55$  8! "
8  *?
/9+)
49;	
/
D(
-)49BB!5"B '8! "
88 9&
*0)+
%=1	9,(
+
6$5868! "
8" 9+(D(?1((?1K4((. 


 68! #
8$ :(
:91

+A)4*B'
8!5  88! $
85 ;0:. )4;#5!$##!'8!!8
8# :91

9:
:(
)3+
A(F
"8'#68! "
86 	0:(
+&,
04(@ @ 
A+A(9	8BB8!#8! #
8B &,
D-((9)4&   
!B  !B8! 6
8' 9
(+*
/9&9&9)

9)4& !" B$ !"8! "

(


  ( )
  * + , -. /  0 1 (2 
L	

7  1 4.  F
 
2 7
 . 
/M;;;3	
2 3
4356 $  7 $ '8!!'
8 9:;)(3<L,14

KM;;;3	
2 3
435'""5#7
""#$8!  
" =1%>?(*;(. 
=?9=34

@ AL37F. 2 H. . 
4. 
M%; #" 6B#7 6'58!!B
$ (@ ,
97+&,
@ @ 4. /
@ ALNH2 7O 1


. FM9)4& !5 6 6  ! 
8! $
5 *0%=1	LF2 
. 
F. 2 
/

. 


M9,(+
6#'6B8! "
# 9(=	
	,;	L?
F
. . 7

F
F. 


. 
M*
*

5$ 65C B!
8! $
6 :91

	
(&)
+). /
+AL(7. 


. . 2 
/4. . 4M)4&
'' $6$! 8!!6
B (A90
D@ 	&A
L). 
74. . M)4&
 ! !$6$! 8!!B
' +&&&3@ =-E	13
)F?0 L). 


F
. 4
4. . M+	B
65B8!!'
 ! 9. ?0L,4). 
&+
. 
	
(
F;	)). 
4
)

	
4M+
& !$"'$C$"'B8! !
   9. ?0L	
4. 




F

. 
M&)


68 $ 7 #'8! "
 8 --<,?@ L1


. . 

F2 
4
FK. 
. 4M9)4&
 !885  !B8! "
 " +:1&
GH73<)7
. IH
:4/
&&=(GH70L	
47


1
7&
H7/. 



M+
& $58"8878"8'8! $
 $ (+*
/9&9&L/. 


44. . 4. 
F77
. FM)4*' !"5 !$8! 5
 5 ;*
/
(+*
/9&9&L
/. 

74
. 
. 7
. F
4. . 4. M%&$ 8$ 87$ 5
8! #
 # @ ,
(997+	?9=34
@ 
AP&
2 7
77O /. 
. 
1

. . P%&"6""##7""#B8! 8
 6 *&/J4/+A(9	+=?)
+
?0 3,,
L31


. 

. . M+	'6!6
8! !
 B =@ L1
. 

F&
7&L(/	

9

,
%	
M)4
&'685"'! 8!!#
 ' %	1	

10
HH=	(HL&
4. 
F
2 

. 
HM)496#!$"B"$
8!!6
8! ,1
&+
0	
L3
4
F

. 
. 
1
7/
2 . 
M)4*BB 55$  8! "
8  *?
/9+)
49;	
/
D(
-L4
F1

F




. M)49BB!5"B '8! "
88 9&
*0)+
%=1	
L	. 
F1


. 
4. M
9,(+
6$5868! "
8" 9+(D(?1((?1K4((. 


 68! #
8$ :(
:91

+AL3




. 


. 

F
. . M)4*B'8!5  88! $
85 Q;0:. L;

F
. 
. . 

F

4F
4

. 
F. 

. 
M)4
;#5!$##!'8!!8
8# :91

9:
:(
)3+
AL
4
7
7



. . M(F
"8'#6
8! "
86 	0:(
+&,
04(@ @ 
A+A(L(



H. FM9	8BB8!#8! #
8B &,
D-((L3

. 
3?H

. . M9)4&   
!B  !B8! 6
8' 9
(+*
/9&9&9)

L;

F. 
. . . 

. 

FA7. 7
. M9)4& !" B$ !"
8! "

